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Introduction
In recent years, the study of aqueous solutions in contact with TiO 2 interfaces has become a subject of considerable scrutiny, due in part to its ubiquity in systems for renewable energy applications in photo-electrochemical water splitting or dye-sensitised solar cells, in addition to addressing open questions relating to the super-hydrophilic or super-photo-hydrophobic nature of solvated solutes adsorbed at such surfaces. Such interfaces provide a rich environment for investigation of confinement of water molecules' motion, manifesting varying transport and vibrational properties as a result. This is particularly true where hydrogen-bonded molecules play an important role in stabilising solutes via solvent interactions and forming "cages". Although TiO 2 is one of the most studied metal oxides in the literature, there is somewhat limited understanding of interfacial water molecules' behaviour on TiO 2 , despite recent progress in this area. 1 The dynamical behaviour of interfacial water molecules at titania surfaces has been probed recently by various spectroscopic methods. [2] [3] [4] [5] [6] Quasi-elastic neutron scattering (QENS) 4 experiments have shown that hydrogen bonding between the first and second layers of water molecules above rutile-(110) surface stabilise the first monolayer at the interface, providing a less mobile and more ice-like structure quite distinct from that of liquid water. Neutron backscattering experiments, along with molecular dynamics (MD) 7 studies have shown that detailed hydrogen bonding properties depend on the level of hydration and its dynamical correlation with diffusion and stability. Experimental vibrational density of states (VDOS) spectra of adsorbed water for both rutile rods and anatase powder have been reported 2, 3 via inelastic neutron 
whose Fourier transforms gives the VDOS (or power spectrum). 7 The translational DOS of water molecules is characterised primarily by motion of oxygen atoms, while the librational modes arise essentially from proton motion. Such VDOS spectra computed from MD have been useful in characterising the dynamical and vibrational behavior of water molecules with various potential models in the bulk liquid state, 7 adsorbed on metals, 8 rutile-(110) and anatase-(101) surfaces, 9, 10 and in contact with biomolecules 11 and in methane hydrates.
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In particular, ab initio MD has offered key insights into the librational motion of higher-frequency modes of water adsorbed to titania in very interesting recent studies, 10, 11 but the somewhat restrictive computational limits on ab initio MD (AIMD) simulation duration makes it difficult to ascertain lower-frequency translational modes (primarily of oxygen atoms) with a desired level of accuracy.
In this study, we investigate the features of VDOS via equilibrium classical MD simulation, so as to allow for longer-scale sampling vis-à-vis ab initio MD, and, therefore, the study of the full frequency range of water VDOS for the monolayer in immediate contact with a variety of rutile and anatase surfaces. In addition, we study the vibrational coupling of the surface layers of water molecules and titania with each other. This allows for at least a qualitative investigation into the molecular mechanisms governing vibrational water behaviour at titania-water interfaces.
Simulation Methodology
As described in our previous MD study of titania-water interfaces, The stability of the surfaces are in the decreasing order 110 > 100 > 101 > 001 for rutile and 101
> 001 for anatase. Rutile-(110) and anatase-(101) are the most stable and studied surfaces, for which considerable experimental data are available. The rutile-(110) surface was cut for charge compensation to yield a non-polar and dipole free surface. 1, 14 Every titania surface atom has some extent of under-saturation in its coordination. Although rutile-(110) surface atoms have been assigned charges 13 for classical dynamics, we have not applied these in our MD in our simulations so as to enable comparison between different surfaces, and for consistency with our earlier simulation study.
14 Also, specific charges or force-field parameters for atoms on other surfaces are unavailable in the literature. Our previous simulation study of water structural properties also show that charges for bulk rutile work reasonably well for all of the surfaces studied.
14 Rutile-(101) has a natural slanting angle with respect to [001] or the z-direction (the direction of heterogeneity, i.e., orthogonal to the surfaces in the x-y plane) which was corrected by aligning the entire slab orthogonal to the z axis so as to facilitate an orthorhombic periodic box. The surface of rutile-(001) is more acidic due to highly unsaturated four-coordinated Ti atoms. Anatase is the most photoactive polymorph of TiO 2 and is more stable at nanoscale dimension than rutile, 15 and hence is an important surface for study. The anatase-(101) surface is also tilted at an angle and was aligned vis-à-vis the z-axis. Although rutile-(001) and anatase-(001) are unstable, and hence the reason for which no comparable neutron scattering data is available, they have been included in this study for the sake of completeness. The details of the system sizes and simulation box dimensions are specified in Table I .
[ insert Table I about here ]
The Matsui-Akaogi force-field was applied to titania, and a flexible SPC-type model to water (SPC-Fw).
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The Ti-water oxygen (Ow) parameter was set to that of the titania Ti-O Buckingham potential and the Ow-oxide oxygen parameters were set to those of the SPC-Fw
Lennard-Jones potential. These values are summarised in before performing a 100 ps NVT run at 300 K. Given the less mobile, more solid-like nature of the first water monolayer 10, 11, 14 (dubbed '1 ML'), an ice-Ih system was equilibrated in the same manner at a temperature of 220 K to avoid melting, using 2x2x2
replication of the orthorhombic 5x3x3-unit cell proton-disordered configuration of Hayward and Reimers (in their x, y, z-laboratory-axis definition).
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For the titania-water systems, water molecules were added in the z-direction, and the whole system was equilibrated for up to 200 ps.
Following this, production runs were carried out for 100 ps and snapshots sampled every 1 fs.
[ insert Table II about here ]
The VACF was calculated for oxygen and hydrogen atoms in the first adsorbed water monolayer, in addition for bulk ice and liquid water, along with their Fourier transforms (power spectra) in the laboratory x-, y-and z-directions, to give direction-resolved (and total) translational and librational DOS, respectively. The (total) VDOS of each system may be compared to recently available INS findings.
2
In addition, the self-diffusion coefficient of these water molecules was calculated via integration of the translational VACF, averaged per
taking care to sample the translational VACF (cf. eqn. 1) to sufficient length to allow for its decay to zero, and, hence, for the convergence of the diffusivity estimate of eqn. 2. To assess the extent of isotropy, or otherwise, of the self-diffusivity vis-à-vis the laboratory coordinate system, self-diffusivites were estimated along each of these directions from the corresponding directionresolved VACF (without the '3' factor in eqn. 2).
Results and Discussion
Prior to discussing the vibrational spectra of the adsorbed water monolayer, and on differences and similarities with respect to ice, liquid water and available INS and AIMD findings, it is instructive to consider briefly monolayer dipolar orientations at the titania surfaces, which were considered in somewhat more detail in our previous studies of water structural properties. [ insert Figure 1 about here ]
Each surface shall now be considered in detail, in order to study common characteristics of the vibrational spectra of the adsorbed monolayer, and also of liquid water and ice Ih, compared to INS data. 2, 3 Crucially, the oxygen-and hydrogen-atom power spectra are discussed in the same context unless otherwise noted so as to enable comparison with AIMD-derived VDOS, which is not decomposed into constituent atoms although the key features of the librational modes are indeed identified for rutile-(110) and anatase-(101) surfaces.
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Liquid Water and Ice Ih
Classical molecular dynamics simulations were carried out according to the procedure outlined above on an approximately 20 Å , rather than a broad spectrum as in AIMD-based VDOS. 9 This broad nature might arise from a lack of a more accurate description of hydrogen bonding in CMD as compared to AIMD, where weak interactions are much more clearly represented giving rise to an energy spread of OH (bs) corresponding to symmetric and anti-symmetric stretch. However, the most likely explanation for the difference in CMD results here with AIMD for intra-molecular frequency modes is that the classical SPC-Fw model has been parameterised to a specific HOH bond angle-frequency and OH stretch frequency, in terms of the force-field coefficients (cf . Table II) , while such an approximation is not made in AIMD. As mentioned previously, the total VDOS has been decomposed into its laboratory-frame x, y and z components. Since the bulk liquid environment is isotropic, all contributing components are similar. The self-diffusion coefficient calculated from eqn. All self-diffusion coefficient values are summarised in Table I along with their x, y and z components.
[ insert Figure 2 about here ]
Since the INS spectra were measured at low temperatures 2, 3 (10 and 4 K), the VDOS of ice Ih is used as an additional reference for comparison of the (less mobile) adsorbed water layer at titania surfaces, to present a qualitative picture of monolayer-water spectra. The corresponding oxygen transverse-acoustic band (cf. Fig. 2a ) is now shifted upwards by 25 cm . This corresponds to a less hydrogen-bonded or more 'free' structure, since the water oxygen is buffeted by Ti5c atoms along the x-axis and finds a minimum above them as shown in the dipole-angle distribution in Fig. 1 and hence give a close match. These peaks are also reported within from AIMD calculation of the rutile-110 surface, 9 and our values are also essentially in agreement.
[
insert Figures 4 and 5 about here ]
The OH stretch for rutile-(110) is seen as a broad band centered at 3453 cm 
Rutile-(100) Surface
The rutile-(100) surface is also a stable one and constitutes 20% of the rutile polymorph. 1 The surface is also composed of Ti6c and Ti5c atoms attached to a bridging oxygen (Ob). This Ti5c-Ob-Ti5c plane is inclined at an angle to the z-axis. Together with (110) surface, it forms the nonplanar rutile surface. In this surface, the Ob atoms are along the y-direction. Due to this inclination, the relaxation direction is now in both in x and y and more constrained in the z-axis, as evidenced clearly from the respective VDOS components in Fig. 4(b) . The transverse-acoustic band of the oxygen VDOS is now spread over a longer range of up to 1000 cm -1 . The water bending is observed at 1500 cm -1 , indicating a more relaxed/weakly bound H-bonded configuration than the rutile-(110) surface. The water monolayer is also more mobile than rutile-(110) and moves in all three directions, although more easily in terms of surface diffusion along the x-y plane.
Rutile-(101) Surface
The rutile-(101) interface also contributes to a major portion (20%) of bulk rutile. 1 The surface contains Ti5c and O2c atoms. However, these two bonds are differentiated by different bond lengths. The surface when freshly cleaved is tilted to the z-axis and has to be rotated for alignment. 1, 14 Together with rutile-(001), it constitutes planar surfaces of the rutile polymorph.
The oxygen atoms of this surface are along the y-axis.
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The DOS for this surface is represented in Fig. 4(c) . The transverse-acoustic band is seen to exist as a broad one between around 130 and 315 cm -1 with a tail extending to 1000cm -1 . Water molecules in the first monolayer are oriented at 20-30° from the normal (cf. Fig. 1a) . Again, a similar trend is evident in localisation of the water monolayer, but the x-component of the transverse-acoustic band is broader than those of the y-and z-components, suggesting stabilisation by two Ti5c surface atoms, rather than one.
The rutile-(101) surface shows strong librational peaks at 763 and 924 cm -1 , as observed in the experimental spectrum. ), suggesting that more free proton vibration in the y-direction, while higher-frequency OH stretch is observed at 3663 cm -1 , primarily in the x-and z-directions.
Rutile-(001) Surface
Rutile-(001) contributes a relatively minor component towards bulk rutile, 1 and is unstable, but has been is included in this study for the sake of completeness. This rutile surface is more acidic due to four-coordinated Ti atoms (Ti4c) and hence affects pH and electrochemical scale to a larger extent. These Ti4c atoms alternate with Ti6c atoms connected via O2c linkages. These cross-links form ridge-like structure, but retain their overall planar nature. The oxygen VDOS is represented in Fig. 4(d) , showing no significant change in the transverse-acoustic band, and appearing with a range of around 120 to 320 cm -1 , with all components contributing essentially equally. Again, strong librational peaks appear at 716 and 1015 cm -1 peak (somewhat broader, primarily in the z-direction); this serves to emphasise the importance of out-of-plane librations in the water monolayer at this surface, due to promotion of rotation oscillations normal to the plane by 'flipping' between two oppositely-oriented dipolar oritentations along the surface (cf. Fig. 1 a, vide infra). Unlike the rutile-(101) surface, the OH stretch bands contribute evenly and are found at 3538 and 3656 cm -1 . The water monolayer has two distinct dipolar orientations, and flipping occurs between these in order to interact with open O2c atoms at the surface.
Anatase-(101) Surface
The anatase-(101) surface is the most stable and most photo-active titania surface. direction, and was rotated to align with the z-axis. 14 The VDOS spectrum is shown in Fig. 4 (e).
The transverse-acoustic band shows a similar profile to those of bulk liquid water or ice Ih with the same shoulder and plateau regions ranging from 90 to 350 cm 
Anatase-(001) Surface
The anatase-(001) surface is not stable, and various instances of this have been reported. Anatase-(001), being planar, exhibits a higher self-diffusion coefficient in its water monlayer (about half that of liquid water, cf. Table II) , and a broader, essentially featureless distribution profile in the dipolar angle made with respect to the surface (cf. Fig. 1(b) ). Table I support the finding of an absence/suppression of translational motion peaks for water oxygen atoms (cf. Fig. 4 ) at all interfaces for a relatively short sampling period.
Conclusions
It is observed that good qualitative agreement is obtained for the rutile-(110) and the anatase-(101) surfaces with the corresponding experimental VDOS. A significant contribution from librational dynamics is found for planar rutile surfaces, but no such demarcation is seen in the experimental VDOS. Although most of the shifts in frequency modes may be attributed to hydrogen bonding upon differing adsorption motifs (as suggested by differing dipole-orientation distributions, cf. Fig. 1 ), a clear description of such bonding may well be too approximate in a forcefield-based method to register essentially quantitative agreement with hydrogen-bond distance and frequency shifts; in addition, the intra-molecular modes have been parameterised for liquid water, and an implicit assumption is that the adsorption is physical in nature (although recent AIMD treatment of rutile-110 supports this view). 21 In any event, given the length-and time-scale limitations of AIMD to obtain reliable statistics for VACF's and to sample timescales necessary for adequate characterization of translational modes (especially transverse-acoustic), the good qualitative agreement of this classical MD approach with INS spectra underlines the utility of such methods for preliminary investigation of water structure and dynamics at titania 
